Using recent data for the decays f 0 → γγ, f 0 → ππ, we determine the mixing angle of scalar mesons in a chiral quark σ-model. This value is employed to analyze of the kaon polarizability. It is shown that pole diagrams from intermediate scalar mesons and their mixing angle significantly affect the electromagnetic polarizability of charged and neutral kaons. Our results are compared with other models and the results of the chiral symmetry limit. The temperature dependence of the kaon polarizabilities is investigated. * Supported by Deutsche Forschungsgemeinschaft under contract 436 RUS 113/29.
Introduction
There is a renewed interest in electromagnetic polarizabilities of the pion and kaon which together with other low-energy parameters like electromagnetic radii provide us with useful information on the internal structure of mesons (for a review on recent results obtained in different models see e.g. refs. [1, 2, 3] ). Some of us calculated these polarizabilities earlier within nonlinear chiral hadron theories [4, 5] as well as on the basis of a bosonized NJL-model [6] leading to a linear σ-model [7, 8] .
In the linear σ-model pole diagrams arising from intermediate scalar mesons 1 ǫ, f 0 (980) and a 0 (980) turn out to play an important role in the calculation of meson polarizabilities. In particular, for describing the physical isoscalar scalar mesons ǫ and f 0 within an underlying quark model, one has to take into account the mixing angle θ of the (u, d) and (s) quark content of these mesons (see [7] ).
In the latter paper strong and radiative decays of scalar mesons were investigated solely on the level of quark loop triangle diagrams. In the papers [11, 12] it was however argued that additional meson loop contributions can play an important role for the description of the scalar meson decays.
2 This idea does not contradict the usual 1/N c expansion since both quark and meson loops turn out to be of the same order in N c for this case. Stimulated by these arguments we have recalculated the decay amplitudes of scalar mesons. We found that pion and espacially kaon loops turned out to be indeed essential for the description of the decay f 0 → γγ, which is crucial for the determination of the mixing angle on the basis of new experimental data. We find a value θ = 23
• for the mixing angle, which would change to θ = −18
• if meson loops were omitted. Clearly, changes of the mixing angle also significantly influence other physical quantities, like the kaon polarizability. Therefore, we apply the new results to estimate the kaon polarizability.
In the last part of our paper, we have investigated the temperature dependence of the kaon polarizabilities. The behaviour of hadrons at finite T , espacially near the critical point where the chiral symmetry restoration takes place, is a very interesting problem. This problem is now actual because it is planned to put into operation the new particle accelarators (RHIC at Brookhaven, LHC at CERN, etc), where heavyion collisions will be investigated. This paper is organized as follows. In Section 2, we give the Lagrangians and calculate the mixing angle. In Section 3, we calculate the kaon polarizability using the new value for the mixing angle. The temperature dependence of the kaon 1 The ǫ meson is considered to be a broad resonance with mass and width which are not presently completely fixed yet [9] . We shall use here the theoretical value of the mass M theor ǫ = 650 MeV and the new experimental value M exp ǫ = 750 MeV [9] . The masses of the other scalar mesons are given by M f0 = 980 MeV and M a0 = 982 MeV [10] . 2 Note that in the case of a 0 → γγ the additional effect of meson loops only weakly changes the result in contrast with the result of ref. [12] where the effect of 50% was found, and quark and meson loops interfere in a destructive way, while we found both effects to be additive. In [11] only scalar meson loops were considered. polarizability is considered in Section 4. We summarize and conclude in Section 5.
Lagrangians and determination of the mixing angle
For definiteness, let us consider meson vertices generated by quark loops arising in the bosonization approach of QCD-motivated quark models [7, 6] . Then, the corresponding local terms satisfy approximate chiral symmetry of the resulting effective meson lagrangian in the case of m s = m u , where m s and m u are the constituent masses of strange or (u, d)-quarks, respectively. First, let us quote only that part of the meson lagrangian which describes the decays of scalar mesons ǫ(650), f 0 (980) and a 0 (980) into two pions and kaons [8] (see Fig. 1a )
where
Besides the Goldberger-Treiman relations
Here Z is a renormalization coefficient arising ¿from π-A 1 -mixing (Z ≈ 1.4 [7] ). Below we shall determine the mixing angle θ, which describes the deviation of the singlet-octet mixing angle from the ideal mixing by using recent experimental data for f 0 → 2γ and f 0 → 2π. For this, we remind that the scalar components of the ideal mixing are related to the physical meson states through
Now, let us consider two-photon decays of scalar mesons which are described by finite quark and meson loop diagrams (see Fig. 1 b -d) .
The amplitude of the decay S → 2γ arising from quark loops takes the form
Here q 1,2 are the photon momenta, α = 1/137 and the coefficient a S is given by
with F S = 1.28 F π [7] . Here we have used low-momentum expansion around q 1 ·q 2 ≈ 0. In refs., [6, 7, 13] it has been shown that this prescription respects SU(3) F -symmetry and leads to reasonable results for 2 photon decays of the pseudoscalar meson nonet.
Let us next calculate the meson loop contributions of Figs. 1c,d which, due to
, contribute in the same order of the 1/N c expansion as the quark loop diagrams. Taking into account the Lagrangian of electromagnetic interactions
one easily obtains
with
where the function φ(x) is defined by
and
, η = 2(1) for pions (kaons), and M is the mass of the meson circulating in the loop.
Then we use these results for the determination of the mixing angle θ from the decays f 0 → γγ and f 0 → ππ. Taking into account expressions (5) and (9), the total amplitude for the decay f 0 → 2γ consisting of quark, pion and kaon loops, reads
Small contributions of loop diagrams with non-strange scalar mesons (10% of T π f0→γγ ) and strange scalar mesons (4% of T K f0→γγ ) will be omitted.
Now, using the Lagrangian L 1 and the amplitude (11), we obtain the following expressions for the decay widths of f 0 → γγ and f 0 → ππ
By comparing their ratio with the experimental value [10] 
we obtain two solutions, θ = 23
• and θ = −43
• . The choice θ = 23
• leads to predictions Γ f 0 →γγ = 1.1 keV ,
which are somewhat larger than the averaged values of PDG [10] . It is worth mentioning that discarding meson loops would even yield a negative angle θ ∼ −18
• . For later applications, let us also quote the effective Lagrangian describing the radiative decay K * → Kγ of vector mesons corresponding to the anomalous quark triangle diagram shown in Fig. 1e ,
with g V = g ρ being the vector meson coupling constant (g
Finally, we need the box-diagram describing the low-energy Compton-effect off K mesons, shown in Fig. 2 . This diagram leads to the Lagrangian term
3 Kaon polarizability
In nonlinear chiral models [5] (arising in the limit M S → ∞) and in the chiralsymmetry limit of the linear σ-model [8] the main contributions to the polarizability of charged kaons and pions emerge from pole diagrams with intermediate scalar mesons containing the quark loop vertices shown in Fig. 1a,b 4 . This is contrary to the case of neutral mesons where the contributions of the corresponding pole diagrams are completely cancelled by the box diagrams shown in Fig. 2 .
Beyond the chiral limit, this situation still holds for pions, whereas for kaons the result strongly depends on the value of the mixing angle. We will find below that for θ = 23
• the scalar meson contribution is reduced by about 50% with respect to the value of the chiral limit but still dominates the box diagram contribution. For neutral kaons the contribution of pole diagrams remains somewhat dominant with respect to the box diagram term, leading to a small nonvanishing value of the neutral kaon polarizability. To see this in more detail, let us write the contributions of scalar meson pole and box diagrams to the kaon polarizability α
Taking into account (6), θ = 23
• and using two different values of the ǫ-mass, M ǫ = 650 (750) MeV, we obtain ∆ + = 3.55 (2.6), ∆ − = 3.05 (2.1). This leads to the following estimates
4 The contribution of meson loop diagrams will be discussed later on (see Fig. 3 ). 5 Recall that the electric and magnetic polarizabilities α P , β P of pseudoscalar mesons are obtained from the low-energy Compton amplitude by the decomposition
and ǫ (ǫ ′ ) being the incoming (outgoing) photon energy, momentum and polarization, respectively. 
2 ). In this case we have
where the first three terms in the brackets of (20) and (21) denote the pole contributions of ǫ, f 0 and a 0 mesons whereas the last terms denote the contribution of the box diagrams. Thus, the deviation from chiral symmetry in combination with the above mixing angle influences the polarizability. For θ = 23
• the contribution of the f 0 -meson has not only decreased in absolute value but even changed in sign compared to the chiral limit, whereas the a 0 -contribution is reduced by an order of magnitude.
Scalar meson pole diagrams and box diagrams supply also analogous contributions to the magnetic polarizability β (S+box) K but with the opposite sign (α
In addition, a large contribution to the magnetic polarizability of neutral kaons arises from pole diagrams containing the intermediate vector meson K * . It can easily be evaluated using the Lagrangian L 3 which leads to the result
For completeness, let us consider the meson loop diagrams shown in Fig. 3 , leading to additional contributions to the kaon polarizability comparable to the values obtained from (18) . These contributions have first been evaluated in ref. [4] for a nonlinear chiral theory, providing a suitable low-energy approximation of the linear σ-model. The expression of the Compton-amplitude associated with the diagrams exhibited in Fig. 3 , reads
The function β (π) (q 1 q 2 ) arising from the above two loop diagrams with internal pion lines is equal for charged and neutral kaons,
The function β (K) ± describes the contribution of the loop diagrams of Fig. 3 with internal kaon propagators and external charged kaons,
For external neutral kaons we get
Thus, for (q 1 ·q 2 ) = 0 a nonvanishing contribution to the kaon polarizability arises only from β (K)
± (0) = 1/12 leading to the result
For neutral kaons the meson loop contribution to the polarizability vanishes. We shall not calculate here the contributions of intermediate axial vector mesons (A) to the polarizability. The corresponding pole diagrams have been investigated in [7, 8] ,
We mention that a noticeable contribution, compared to the other terms, was obtained only for the electric polarizability of charged kaons. Table 1 with the results of the chiral symmetry limit, for the realistic case of physical scalar meson masses and the mixing angle θ = 23
• a slightly increased value of the electric polarizability should be observed for neutral kaons, whereas the electric and magnetic polarizabilities for charged kaons are reduced. For future comparision with data let us also quote the sum of the electric and magnetic kaon polarizabilities
Note that our results satisfy the requirement (α+β) K > 0 ¿from dispersion relations [1] .
Temperature dependence of the kaon polarizabilities
In the previous sections we have shown that the mixing angle θ plays a very important role for the definition of the main contributions to the kaon polarizabilities associated with the scalar pole diagrams (see, also, [14] ). Unfortunately, within our model, one cannot define the temperature dependence of the mixing angle. Let us suppose that θ has to decrease with T and to equal zero when T = T c (T c is the critical T ). Since the quark condensate is the order parameter in the NJL model, also decreasing with T , we assume that θ is proportional to the quark condensate or, equivalently, to the constituent quark mass m:
. Clearly, this is a very crude approximation, so that we can obtain here only qualitative estimations of the T -dependence of the kaon polarizabilities.
In order to obtain the T -dependence of the other physical parameters m, m s , M π , M K , F π and F K we can use the results of our earlier works [15] . The correspondiong values are given in Table II . Table II . The temperature dependence of the constituent quark masses m and m s , the pion and kaon masses and their decay coupling constants F π and F K . All values are given in MeV.
For the scalar meson masses M ǫ , M f 0 and M a 0 we shall use the approximate mass formulae
. 6 For the definition of the temperature dependence of the axial-vector meson contributions we shall use a formula similar to (22) (see [7, 8] )
6 As is shown in [15] the temperature dependence of the scalar mesons is defined by their quark mass terms (for instance, M Table III contains the temperature depending contributions to the electric and magnetic kaon polarizabilities of the scalar pole diagrams, box, vector meson pole and axial meson pole diagrams. In the brackets we give the results corresponding to the case when θ(T ) = const. The units are 10 −4 f m 3 for the polarizabilities. Here, we have ignored the meson loop contributions.
Let us discuss the temperature dependence of different contributions to the kaon polarizabilities. As Table III shows, the scalar pole contributions remain approximately constant up to T ≈ 170MeV and then monotonously decrease changing the sign at 190MeV (charge kaon) and 180MeV (neutral kaon). On the other hand, the contributions of the box diagrams, the vector and axial vector pole diagrams monotonically increase in their absolute values. In summary, the total electric kaon polarizabilities are approximately stable in the temperature interval 0 < T < 150MeV and then monotonically decrease, changing their signs for T > 180MeV (charge kaon) and T > 170MeV (neutral kaon). The magnetic kaon polarizabilities monotonically increase in the whole temperature domain. In particular, the charged magnetic polarizability changes the sign for T > 150MeV . Note that for a constant mixing angle (see values in brackets) the scalar meson pole contributions would weakly increase until T ≈ 190MeV .
Summary and Conclusions
In this paper, we have estimated the mixing angle of scalar mesons within a chiral quark σ-model ¿from the decays f 0 → γγ, f 0 → ππ using new data [10] and taking into account both quark and meson loop diagrams. The new value of the mixing angle θ = 23
• obtained by including meson loops, significantly differs from the value θ = −18
• which would have been obtained if only quark loops were taken into account. The value θ = 23
• is then used to estimate the polarizability of kaons. For this aim, we have calculated the low-energy Compton amplitude for K mesons, taking into account scalar pole diagrams as well as box and triangle diagrams including quark and meson loops. As Table 1 shows, scalar meson poles give an important contribution to the electric and magnetic polarizabilities of charged and neutral mesons. The dominant scalar meson contributions arise here from ǫ and f 0 , whereas the contribution of a 0 is relatively small. Notice that our model allows one to study the deviation ¿from the chiral symmetry limit (M ǫ = M f 0 = M a 0 = 2m; θ = 0). As we have found, for the realistic case of physical scalar meson masses and a mixing angle θ = 23
• the absolute values of the electric and magnetic polarizabilities for charged kaons are reduced by about 50%, whereas the electric polarizability of neutral kaons increases. In the latter case, the results turn out to be rather sensitive to changes of the ǫ-mass.
It is interesting to compare our results with predictions of other models. For example, the results of the Quark Confinement Model (QCM) [16] for the charged pion polarizability are close to the predictions of our model in ref. [8, 17] , whereas they are larger by a factor 2-4 in the case of the kaon polarizability. An analogous result as in [16] was obtained for neutral kaons in an SU(3) NJL-model [18] .
In conclusion, let us emphasize that we have obtained our results in the framework of the standard NJL model. In this model one considers only the first terms of the momentum expansion of the quark loop diagrams without taking into account their dependence on the momentum of the external meson legs. However, it is worth noticing that taking into account such a momentum dependence for box and triangle quark diagrams could lead to an additional momentum-dependent factor f (p Fig.1 The triangle quark-loop diagrams, describing the decays: a) S → 2π (2K), b) S → 2γ, e) K * → γK. c) The triangle meson-loop diagrams, describing the decays S → 2γ. d) The meson-loop diagrams, describing the decays S → 2γ. Fig.2 The quark-box diagrams, describing the Compton effect off kaons. 
